Objective: With developments in clinical CT, in vivo analysis of patients' bone microstructure has become increasingly possible. The subchondral trabecular bone of hip osteoarthritis (OA) patients using multi-detector row CT (MDCT) was analyzed to closely examine the structural changes that occur as OA progresses. Results: With decreasing joint space, Tb.Th and BV/TV increased, and Tb.Sp, Tb.N, SMI, TBPf, and DA decreased significantly. The microstructures were significantly different between the early to advanced OA groups and the normal and dysplasia groups; there was no significant difference between the normal and dysplasia groups.
Introduction
Osteoarthritis (OA) is a disease characterized by cartilage attrition and joint pain. The importance of subchondral bone in the etiology of OA has long been understood. The subchondral bone of OA exhibits various changes, such as trabecular bone thickening, cyst formation, decreased bone mineralization, and increased bone turn-over 1 . Trabecular bone thickening leads to bone sclerosis, which in turn causes decreased shock absorbency and cartilage damage 2 . High bone turn-over increases the release of various cytokines from subchondral bone, which can lead to cartilage degeneration. In OA animal models, subchondral bone resorption increases in the early stage. By using bone resorption inhibitor drugs, prevention of cartilage attrition has been reported 3 . In other words, subchondral bone and cartilage influence each other strongly, and subchondral bone changes in OA are not only the result of cartilage attrition, but the cause of cartilage attrition.
The cartilage has no nerve supply, and the main cause of pain in OA is thought to be bone pain. The bone marrow lesion seen in OA subchondral bone on MRI is associated with microfractures, and a strong relationship with OA pain has been reported 4 .
Disease-modifying OA drugs (DMOADs) are drugs aimed at fundamental treatment of OA;
they are expected to become a mainstay of treatment for OA in the future. The target tissue includes the subchondral bone, in addition to the articular cartilage and synovium. In other words, by early detection of OA and by normalization of bone metabolism and bone structure, OA progression and symptoms may be preventable. Candidate drugs currently reported include alendronate, risedronate, and calcitonin 3, 5, 6 . Osteotomy also improves OA progression and symptoms by altering the mechanical environment of the joint. After the surgery, normalization of trabecular structure, such as decreased bone sclerosis and a reduction in bone cysts, has been observed.
Therefore, evaluation of subchondral bone, in addition to cartilage, by clinical imaging techniques is very important in analyzing the etiology of OA and assessing treatment in patients.
Generally, analysis of bone microstructure has been performed by pathological examination or micro CT, which basically provides in vitro analysis only for the extracted bone samples.
However, owing to the remarkable development of clinical medical imaging such as CT and MRI in recent years, it is possible to analyze patients' bone microstructure in vivo.
Multi-detector row computed tomography (MDCT), which has become widespread and is able to scan thin slice images in a short time, provides higher resolution images than before. Several studies have shown the usefulness of in vivo bone microstructure analysis by MDCT in osteoporosis cases 7, 8 .
In this study, a cross-sectional analysis of the subchondral trabecular bone microstructure of 
CT scanning
An MDCT with 16 detectors (Aquilion 16, Toshiba, Tokyo, Japan) was used. Scanning was performed at 120 kV, 300 mAs, and 0.5-mm thickness. Images were reconstructed with a field of view (FOV) of 70 mm, 512512 pixel matrix, and 0.2-mm pitch (Fig. 1) . The maximal 4 in-plane resolution was 280280 m 2 , and the axial resolution was 500 m, based on the manufacturer's data. CTDIvol was 19.7 mGy, and DLP was 331 mGy, which were almost the same as for conventional abdominal CT scans.
Microstructure Analysis
The microstructure of subchondral trabecular bone was measured by bone structure measurement software (TRI/3D-BON, Ratoc System Engineering Co., Tokyo, Japan). CT images were reconstructed to coronal images for bone structure analysis to facilitate differentiation between cartilage and subchondral bone. Regions of interest (ROIs) were subchondral trabecular bones of the acetabulum and femoral head, 1 cm under the subchondral endplate, 22 cm 2 area, and aligned with the principal compressive trabeculae of the femoral head (Fig. 2) . The bone cyst region was strictly excluded from the ROIs. The joint space volume aligned with the ROI was also measured. ROI was established semi-automatically by a single orthopedist. Square columns of 22 cm 2 were set manually, and cartilage was manually corrected after being automatically extracted. Using the magnification function, a region 1 cm from the subchondral endplate was specified. The binarization was performed using a fixed threshold value, which was calculated by a discriminant analysis between the bone and the background in the histogram. Threshold values were obtained from 8 normal volunteers' femoral head trabecular bone areas, and their mean was defined as the fixed threshold value.
The measurement parameters were apparent bone volume fraction (app BV/TV), apparent trabecular thickness (app Tb.Th), apparent trabecular number (app Tb.N), apparent trabecular separation (app Tb.Sp), structure model index (SMI), trabecular bone pattern factor (TBPf),
Euler's number, and degree of anisotropy (DA) [12] [13] [14] [15] . SMI is an index evaluating whether trabecular bone is rod-like or plate-like, and a small value means a more plate-like structure.
TBPf is also an index evaluating rod-like, plate-like, or honeycomb-like structure, and a small value means a more honeycomb-like structure. Euler's number represents the connectivity of trabecular bone, and a small value means a more connected structure. In trabecular bone 
Statistical Analysis
The relationships between joint space volume, CE angle, acetabular angle, and these microstructure parameters were analyzed by Pearson's correlation test. Differences in these microstructure parameters among the normal, dysplasia, early-moderate OA, and advanced OA groups were analyzed using the Bonferroni test (SPSS 16.0, Chicago, IL, USA). P<0.05 was considered statistically significant.
Results
As the joint space narrowed, trabecular bone thickened, bone volume fraction increased, and the trabecular morphology became more plate-like and honeycomb-like on both the acetabular and femoral head sides. In addition, on the acetabular side, the distance between bone trabeculae lessened, and anisotropy decreased as the joint space narrowed. On the femoral head side, there were fewer bone trabeculae and decreased connectivity as the joint space narrowed (Table 1 ). The same tendencies were also seen in the relation between the CE angle and trabecular bone structure, but the correlation coefficient with the acetabular angle was small (Table 2 ).
These changes were significant from early-moderate OA on the acetabular side, and they occurred prominently in advanced OA (Table 3) . On the femoral head side, changes in number, though not significant, appeared in early-moderate OA. Then, in advanced OA, they were significant (Table 4 ). In this study, we found that, as the joint space volume decreased, trabecular thickness and bone volume fraction increased. This is thought to be due to adaptation to increased loading on the joint or thickening as a repair mechanism when microfractures develop. Thickening of trabeculae would induce a decrease in trabecular separation at the acetabular subchondral bone.
( Table 1) . On the other hand, the trabecular thickness increased, but trabecular number decreased at the femoral head subchondral bone, which might mean that trabecular thickening caused a union of trabecular bones, resulting in decreased trabecular number. The union of trabecular bone was probably related to both true trabecular thickening and a partial volume effect (Table 1 , Fig. 4 ). SMI and TBPf at both subchondral bone locations decreased as the joint space volume decreased. Thickening of trabecular bone would also cause more plate-like and honeycomb-like structures of the trabecular bones. DA at the acetabular subchondral bone decreased as the joint space volume decreased. Low bone volume fraction bone generally has high anisotropy to preserve only trabecular bone for weight bearing. Therefore, decreased joint space and the subsequent high bone volume fraction might decrease DA. Correlation coefficients were high for bone volume fraction, trabecular thickness, and TBPf, suggesting that these parameters were sensitive for the evaluation of OA.
Chappard et al. performed a detailed study of the subchondral bone microstructure of hip OA using synchrotron micro CT. They found that the OA subchondral bone had increased bone volume fraction and trabecular thickness, and decreased trabecular separation 1 . Ding et al. also investigated the features of subchondral bone of knee OA using conventional micro CT and showed increased bone volume fraction and trabecular thickness, and decreased SMI 18 . These 7 results are similar to ours. Therefore, although accuracy was limited, change of the subchondral trabecular bone structure in OA could be evaluated by MDCT to a certain extent.
These changes were observed in early to advanced OA, but not in dysplasia (Tables 3 and 4) .
Dysplasia alone might not cause subchondral bone changes, or small changes could not be detected because of the lack of spatial resolution. In the early-moderate OA group, significant changes were observed only at acetabular subchondral bone (Tables 3 and 4 ). The data suggest that OA changes in subchondral trabecular bone might occur predominantly at the acetabular side rather than the femoral head side.
Generally it is difficult to analyze bone microstructure of dysplasia and early OA patients by micro CT, because these bone samples are not easily available. Arthroplasty is usually performed for advanced OA patients, and it is hard to extract subchondral bone samples from the acetabular side. Furthermore, finding cadavers with dysplasia and early OA is not easy.
Therefore, information regarding the bone microstructure of dysplasia and of early OA patients is valuable.
In the future, the therapeutic approach to OA will shift to early detection, prognosis prediction, and preventive therapy. This method may play a useful role in all these steps. Using this method, we could predict which OA patients would develop destructive changes, with atrophic and collapse changes. Furthermore, we could use this method to determine whether osteotomy and DMOADs were indicated, and evaluate the effects of these treatments. This study could be a first step in realizing these potential uses.
The limitation of this study was limited accuracy. The spatial resolution of this method was 500280280 m 3 , which is basically insufficient to allow perfect visualization of trabecular bone. It causes a partial volume effect; several trabecular bones unite with each other and look like one large trabecular bone, and small trabecular bone cannot be detected and vanishes, looking like there is no bone (Fig. 1 ). In addition, there is more noise in clinical CT images than in experimental images because of soft tissues and patient movement 16, 17 . Our group has already reported an in vivo analysis of trabecular bone microstructure using MDCT, which had a spatial resolution of 500210210 m 3 that was similar to that in the present study. In this report, we confirmed the validity of the accuracy of this method by comparing the MDCT images with the micro CT images 7 . Other papers also suggest the possibility of in vivo microstructure analysis of the hip joint by MDCT 16, 17 . Advances in MDCT continue to be made, and the spatial resolution is increasing, with less noise and lower radiation doses. These advances will likely lead to fewer accuracy problems in the future.
This study was a cross-sectional study, and a longitudinal study might show earlier changes of OA subchondral trabecular bone. Strictly speaking, the joint space volume is not equal to the 8 cartilage volume. However, we think that the gap between the acetabular and femoral cartilages would be so small that such error is acceptable.
In conclusion, we have shown the possibility of evaluating trabecular structure in hip OA patients using clinical CT. Increased trabecular bone width and accompanying structural changes may be closely related to OA. These changes do not appear in the stage with dysplasia only, but they appear when the condition reaches early-moderate OA, predominantly on the acetabular side. This method may be applied to further elucidate the pathogenesis of OA, to decide the therapeutic strategy, and to evaluate the effects of treatment.
